Abstract. We study the spatial clustering of shallow aftershock hypocenters with respect to focal mechanisms of mainshocks. We use the Harvard centroid moment tensor (CMT) global catalog, the Preliminary Determination of Epicenters (PDE) earthquake list, the California Institute of Technology jU.S. Geological Survey catalog of earthquakes in southern California, and a catalog of focal mechanisms for all earthquakes since 1850 in southern California with magnitude larger than 6. We need to account for possible systematic bias in hypocenter distribution due to the geometry of seismogenic zones, especially that of subduction zones. We also select only strike-slip earthquakes from the catalogs to investigate aftershock clustering in circumstances more favorable for direct observation. We compare the spatial distribution of hypocenters before each strong earthquake with the distribution during the first 250 days after the earthquake and for the time interval extending beyond 250 days. If the friction coefficient in the Coulomb criterion is positive one expects that after a strong earthquake, aftershocks and other earthquakes would concentrate in the direction of the P axis (dilatational quadrant) rather than in the direction of the Taxis (compression quadrant). Such correlations have been pointed out previously for selected earthquakes sequences, but is such correlation a general feature of earthquake occurrence? We study spatial earthquake distributions before and after each event for several choices of focal sphere partition, cutoff magnitude, focal mechanisms of large events, time periods, distance from a mainshock, etc. Although some earthquake distributions agree with a nonzero friction coefficient, others produce the opposite pattern, suggesting that the concentration of events along the P and T axes is due to random effects. This result implies that the friction coefficient in the Coulomb law is close to zero.
Introduction
Recent work has shown several instances of shallow aftershocks and small earthquakes occurring preferentially in regions of high stress increments left by earlier earthquakes [Das and Scholz, 1981; Stein and Lisowski, 1983; Harris and Simpson, 1992; Kagan, 1994; Nalbant et al., 1996; Hodgkinson et al., 1996; Kilb et al., 1997; Deng and Sykes, 1997; Stein et al., 1997J. Although the influence of the stress caused by strong earthquakes on subsequent shocks is strong and obvious, less is known about the details of the spatial distribution of aftershocks. Some previous work suggests that aftershocks are concentrated in the dilatational quadrant (corresponding to the direction of the P axis) rather than in that of the compression quadrant (corresponding to the direction of the Taxis). This behavior is predicted by the standard interpretation of the . Coulomb criterion, if we assume that the value of the Copyright 1998 by the American Geophysical Union.
Paper number 98JB00699. 0148-0227/98/98JB-00699$09.00 friction coefficient for rock material in situ is similar to that obtained in laboratory tests.
The normal stress increases as a result of a strong earthquake in the direction of the P axis (see more below in section 3.2) . If the friction coefficient in the Coulomb criterion is positive, one expects that after a strong earthquake, aftershocks and other earthquakes would concentrate in the direction of the dilatational quadrant rather than in that of the compression quadrant. In other words, the spatial aftershock distribution would be asymmetrical with regard to focal mechanism of a mainshock. Such a correlation for selected earthquake sequences has been suggested previously [Das and Scholz, 1981; Stein and Lisowski, 1983; Stein et al., 1997J;  however, whether such correlation is a general feature of earthquake occurrence is not established.
There are two approaches to investigating the aftershock spatial distribution. The first is to study particular cases of aftershock sequences. To test whether the friction coefficient is nonzero, one can either show that the earthquake distribution in .dilatational quadrants of a mainshock is different from that of compressional 24, 453 quadrants, or calculate stress changes (both static due to a mainshock and a tectonic stress) in the neighborhood of the mainshock and compare the numbers of aftershocks in the regions of high and low Coulomb stress change. The second approach is to investigate the average distribution of earthquakes in both compressional and dilatational quadrants by stacking distributions for several earthquakes and using formal criteria for earthquake selection. Frohlich and Willemann [1987] and Michael [1989] report similar calculations. They studied the correlation of aftershock hypocenters with respect to focal mechanisms of mainshocks. We employ this method in the present paper.
Case studies have the advantage of accounting for tectonic and other details of each aftershock sequence. However, it is difficult to avoid selection bias due to particular selection criteria or a particular choice of the adjustable parameters and assumptions. Moreover, there may exist a reporting bias; that is, results exhibiting a certain pattern are more likely to be published than others. Most of the publications listed above discuss aftershock patterns for strike-slip earthquakes, since it is easier to visualize these distributions. Each case of aftershock sequences requires a new adjustment of various conditions; therefore the total number of degrees of freedom in such studies is high and comparable with the effective number of data points.
Many investigations of particular aftershock sequences have been carried out, especially in recent years [cf. Nalbant et al., 1996; Stein et al., 1997] . They show that aftershocks tend to concentrate in areas of inferred high stress levels. Most investigators note that results are not strongly dependent on the value of the friction coefficient (J.L) in the Coulomb law (see equation (1)), implying that the normal stress has little, if any, influence on the aftershock distribution Kilb et al., 1997] . However, no systematic study has been done to determine if the value p, = 0 is consistent with the distribution of aftershocks and other earthquakes in the focal zones of large events.
In the second (stacking) method, we consciously avoid adjusting conditions for each aftershock sequence. The sequences are not identified in a catalog, and every earthquake event is selected according to a formal rule (a computer algorithm). Thus several members of the same aftershock sequence may be stacked together. Although individual sequences might be separated using a prescribed algorithm, such subdivision could introduce a bias (the selection rule) into the interpretation of earthquake data. It is not clear whether the results of such an analysis would be applicable to sequences identified using a different rule.
How do we establish the validity of obtained distribution properties? There is no obvious method for case studies, except looking for internal consistency of the results. However, consistency may be illusory since conditions have been adjusted and modified in each case. Each individual result may be so "soft" that its credibility is impossible to evaluate. Moreover, because of the reporting bias mentioned above, it is not clear that published case histories represent an objective sample.
In the stacking method, it is possible in principle to apply appropriate statistical tests. However, there is a problem here as well: the properties of aftershock sequences in three dimensions are not yet well known; thus we have difficulty formulating the appropriate null hypothesis [Kagan and Jackson, 1996] . One natural null hypothesis would be to assume that aftershocks and other small earthquakes around a main event are distributed symmetrically with regard to its focal mechanism; that is, there is no difference in the numbers of earthquakes in the directions of the P and Taxes. Then we can test whether the difference between the earthquake numbers in corresponding directions is due to random factors. Such tests would be easy to perform if the statistical distribution for the numbers could be described by simple, known laws. If each earthquake would occur independently, the Poisson or binomial distribution could be used for testing. Unfortunately, earthquake occurrence, especially in aftershock sequences, is highly clustered in space and time. Although some research has been done in describing and modelling earthquake temporal clustering [Ogata, 1988; Kagan, 1991; Utsu and Ogata, 1977] , the results of these investigations are not easily applicable to our problem.
Moreover, all earthquakes, including foreshock, mainshock, and aftershock sequences, are dependent on the same regional stress pattern. On the one hand, regional stress causes earthquakes, but on the other hand, earthquakes release and redistribute stress [Harris and Simpson, 1992; Harris et at., 1995; Kagan, 1994] . This self-organization of stress and earthquakes may introduce complex statistical interrelationships between seemingly independent events, making statistical testing even more difficult.
For example, earthquake catalogs are often declustered to diminish the influence of aftershock sequences. In our case, this would delete the earthquakes whose properties are being investigated. Another frequently used method of validation applies a randomized catalog as a control test [Kagan and Jackson, 1996] . Here we achieve a similar result by comparing the premainshock distribution with that of aftershocks.
However, if we compare the results from different catalogs, their consistency can be interpreted as positive evidence. Each earthquake catalog may have specific systematic errors. However, we analyze all earthquakes in a catalog; that is, there is no specific preselection. In such a case, the repeatability of results means that the observed regularities are due to the properties of seismicity, not to model assumptions or methods of data processing.
Data
As an example of earthquake data, Figure 1 displays focal mechanisms for the earthquakes in southern Cal-
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Longitude Figure 1 . Focal mechanisms of earthquakes from the 1932-1997 modified Ellsworth [1990] list in southern California area and major surface faults. Lower hemisphere diagrams of focal spheres are shown. Symbol size is proportional to earthquake magnitude. The striped regions correspond to compression quadrants. More densely striped "beach-balls" correspond to point sources; extended sources are shown by a series of less striped symbols. Stripes are concentrated toward the earthquake fault plane projection to indicate the presumed fault plane.
ifornia from 1932 to 1996 [see Jackson et al., 1995] . The catalog covers 32.0-37.0 0 N, 114.0-122.00W. We use the Ellsworth [1990] historical/instrumental earthquake catalog with moment magnitude Mw ~ 6.0 as our initial data set. We have added the focal mechanism solutions of recent earthquakes from the Harvard catalog [Dziewonski et al., 1998 ] and from other available publications. The study has used two variants of earthquake fault representation: a point source and extended source models. In the latter model, we represent each earthquake with lvlw ~ 6.5 as a finite source, approximating the fault area by several point sources distributed on a rupture plane. For finite earthquake sources, we need to resolve the fault plane ambiguity· of focal mechanisms; we do this by assigning the fault plane based on the area tectonics or distribution of aftershocks. There are 206 sources in the extended source variant of the catalog, and 84 earthquakes in the singlepoint version. Here we call this list the Ellsworth catalog. The southern California (California Institute of Technology /U.S. Geological Survey, CIT/USGS) earthquake catalog [Hileman et al., 1973; Hutton and Jones, 1993 , and references therein] spans 65 years of local seismicity. It is essentially complete for local magnitude ML ~ 3.0 and contains 19,781 events.
Figure 2 displays all of the 28 strike-slip earthquakes from the Ellsworth catalog and ML ~ 3.5 events from the CIT/USGS catalog during 1932-1997. We consider any earthquake which is rotated (in three dimensions), no more than 20° from a pure strike-slip focal mechanism, as a strike-slip event.
We use two global catalogs: (1) the catalog of moment tensor inversions compiled by the Harvard group [Dziewonski et al., 1998 ] which contains 14,039 solutions from January 1, 1977 to February 28, 1997. Of these, 3. Aftershock Number Distribution
Focal Sphere Partition
This paper studies a possible asymmetry of aftershock spatial distribution, in dilatational and compressional quadrants of a mainshock focal sphere. To reduce the data, we stack the directions to aftershock hypocenters from the position of the main event on a focal sphere of a mainshock. In our calculations, we consider earthquakes in the Ellsworth and Harvard catalogs as primary events (mainshocks), whereas earthquakes in the CIT/USGS and the PDE catalogs serve as secondary events (often called aftershocks).
The location of earthquakes in the modified Ellsworth and the CIT/USGS catalogs is self-consistent, that is, coordinates of centroid positions and fault planes for extended earthquakes in the former catalog are reviewed and revised to agree with the CIT/USGS data. Owing to a very large volume of data, no such adjustment is possible for the Harvard versus PDE catalogs. Both catalogs may have different systematic errors in location of centroids and hypocenters; thus the distributions of aftershocks around each focal mechanism may be biased by these errors. However, since we average thousands of events over the entire Earth, systematic effects should be smoothed over as well, so we expect that they would cause only a general smoothing of patterns, not any systematic change in symmetry of the aftershock distribution. The Harvard earthquakes are also used both as primary and secondary events: that is, we stack the distributions of all the earthquake hypocenters in the system of coordinates formed by each focal mechanism in turn.
For the focal mechanisms obtained on the basis of far-field elastic wave inversion, the plane solutions are ambiguous: the fault plane and the auxiliary plane cannot be distinguished. As we discussed earlier [Kagan, 1992, p. 308; Kagan and Jackson, 1994] ' the geometry of subduction zones makes it statistically more probable that the fault plane passes through the Nand T -P vectors.
Owing to the focal mechanism symmetry [Kagan, 1992] ' only two oct ants corresponding to P and Taxes need be compared in the infinite elastic space. In an elastic half-space, the stress distribution symmetry is preserved to a large degree for a strike-slip earthquake. For earthquakes having a general orientation, there is no symmetry in a half-space. However, studying full spherical distribution of hypocenters is impossible because of insufficient data. Hence we illustrate stress only from strike slip earthquakes, and compare the hypocenter distributions in only two octants.
Each octant of the focal sphere is subdivided into 55 spherical triangles and quadrilaterals with equal area (consequently covering equal solid angles). Rakhmanov et ai. [1994] discuss partitioning a sphere into equal-area cells, having a minimum diameter: that is, quadrilaterals which are as close to spherical squares as possible. Moreover, these cells are easy to represent and display, since their boundaries are circles of constant spherical latitude and longitude. Saff and Kuijlaars [1997, Figure 3] give an example of the partition. Everett [1997] discusses various partitions (tesselations) of a sphere in two and three dimensions employed in geosciences. However, as described above, the focal mechanism sphere has a certain symmetry [Kagan, 1992] ; . thus we compare the distributions in neighboring octants. Under such restrictions, the partition algorithm proposed by Rakhmanov et ai. [1994] yields a cell pattern similar to that used by Kagan [1994J. Figure 3a shows the distribution of partition cells in one octant. Since for some earthquake catalogs, the number of aftershocks is too small for a display in Figure 3a , we also use a more coarse partition of a sphere octant. In particular, we add all the first cells adjoining the fault plane in one of such partitions (corresponding to all right-hand cells in Figure 3a 
Stress Distribution for a Test Earthquake
A commonly accepted model suggests that the Coulomb failure stress change (j f [Scholz, 1990] controls earthquake occurrence: (1) where T is the incremental shear stress on a fault plane, J.L is a static (positive) coefficient of friction, and O'n is a normal stress change (positive O'n corresponds to relative extension). Laboratory experiments [Segall, 1991] 
Figure 4. Epicenters of ML ~ 3.5 events 250 days after the Joshua Tree, California, earthquake of 1992. Projection of the lune partition of the focal sphere (see Figure 3b ) is also shown.
yield the value of fJ, = 0.7-0.8 for most rock materials. Since it is possible that fluid pressure reduces the normal stress on a fault, the J.L value should be considered as an effective (apparent) friction coefficient [Deng and Sykes, 1997] . Therefore, according to equation (1), an earthquake would be more likely to occur when 7 + J.LrYn ~ O. This equation assumes that we know the stress and the direction of the fault plane of an earthquake. However, in most cases, especially for small earthquakes, the fault plane direction is unknown. Thus we also calculate the Coulomb failure stress for average values of the stress (2) where II is the first stress invariant corresponding to the average isotropic stress and h is the second invariant of the deviatoric stress corresponding to average deviatoric (shear) stress [Jaeger and Cook, 1979; Kagan, 1994] .
If the friction coefficient in the Coulomb criterion is nonzero, one should expect [ef. King et al., 1994, Figure 2a] that after a strong earthquake, aftershocks and other earthquakes would concentrate in the direction of the P axis (dilatational quadrant) rather than in that of the T axis (compression quadrant).
In Plate 1 we display the invariants for stress change due to a test earthquake M = 7.0. The stresscalculations for an isotropic half-space are performed, using Okada's [1992] approach. For comparison we superimpose the southern California map over the stress pattern. The first invariant exhibits a familiar quadrupolar pattern [Chinnery, 1963, Figure 3] . We assume the value of the friction coefficient is fJ, = 0.8. We cannot determine the absolute stress level in situ. Therefore we are to infer the stress value from the number of usually small earthquakes registered in a neighborhood of larger events. To project the stress changes on a focal sphere of the reference events, we assume that the number of these secondary earthquakes are proportional to the incremental stress. There is a problem in comparison of the Coulomb stress level with the number of secondary events, since the event number is a nonnegative quantity, whereas stress is a tensor the components of which could be both negative and positive. To make the comparison possible, we subtract the minimum value of the stress from the stress level. The obtained nonnegative stress values in a distance interval 100-200 km from the test earthquake are then projected onto two sphere octants corresponding to the P and . j Again, we take the friction coefficient f.L = 0.8. Both plots (Plates 2 and 3) show that if the distribution of aftershocks follows the Coulomb stress criterion (equations 1 or 2), there should be more secondary events concentrated in the direction of the P and not the T axis. Figure 3 . These cells subdivide the focal sphere of a mainshock or a reference event. To establish the symmetry or asymmetry of earthquake distributions, we calculate the number of times an aftershock hypocenter is projected into the cells, We need to take into account a· possible systematic bias in hypocenter distribution due to the geometry of seismogenic zones, especially to that of sub-duction zones. The subduction zones account for most earthquakes in global catalogs [ef. Gross and Kisslinger, 1994 ]. To correct for the possible influence of complex fault geometry, we usually compare two distributions: the one preceding a mainshock (preshocks) and the distribution of earthquakes following a mainshock. We assume that the influence of the half-space boundary as well as other geologic structures would be cancelled in such a comparison~ We subdivide earthquakes after a mainshock into two groups: those in the first 250 days (labelled below as the "first" or "early" aftershocks) and . those in the interval extending beyond 250 days ("late" aftershocks) .
We select secondary events according to their distance from a mainshock. In one mode, we account for all the earthquakes within 100 km radius of a mainshock. In the second mode, the distance to a mainshock epicenter is scaled according to the empirical formula:
where ri are lower and upper distance limits for a magnitude 6 earthquake, taken to be 5 and 10 km in this study. We exclude the spatially close aftershocks from the calculations; these aftershock positions may be influenced by unknown random fluctuations of earthquake fault geometry.
We list below various parameters and data which have been used in the investigations: (1) catalogs are referred to as Ellsworth-CIT/US GS , Harvard-Harvard, Harvard-PDE; (2) focal mechanisms are strike-slip events only, or all earthquakes; (3) earthquake source representation (only for the Ellsworth catalog) is point source, or extended source; (4) distance range is 0-100 km for all events, or 5/10 km scaled (see equation 3); and (5) distribution is on a sphere in 2-D (Figure 3a) , or on sphericallunes in 1-D (Figure 3b) . Table 1 shows the distribution of the numbers of hypocenters in a coordinate system formed by the T, N, and P axes of an earthquake focal mechanism (the TNP coordinate system, see Figure 3 ). We use shallow strike-slip events Mw 2: 5.8 from the Harvard catalog as generating earthquakes (mainshocks) and shocks mb 2: 5.0 from the PDE catalog as test (potential aftershocks) events. As mentioned in section 2, a strike-slip event is taken as an earthquake focal mechanism rotated no more than 20° from a pure strike-slip. The distance between hypocenters is less than 100 km.
The actual numbers of earthquakes in the PDE catalog preceding the mainshocks in the Harvard catalog are displayed in Table la . To make these distributions more amenable to comparison, we normalize the numbers, so that the total number in all cells in a table like  Table 1a equals 11,000. Therefore, if the distribution of hypocenters in the TNP system were uniformly random, all numbers in Table la would be approximately  equal to 100. We compare the spatial distribution of the hypocen-, ters before (Table la) a strong earthquake (Mw ~ 5.8)
with that during the first 250 days after an earthquake (Table 1 b ) and the interval extending beyond 250 days (Table Ic) . To facilitate the comparison, we subtracted the normalized preearthquake numbers of PDE events (Table Ia) from that of postearthquake values. The subtraction results are displayed in Tables 1 band lc, where we also show horizontal and vertical sums of the numbers. If the friction coefficient in the Coulomb criterion is nonzero, one should expect that aftershocks and other earthquakes would concentrate more in the direction of the P axis (dilatational quadrant) than in that of the T axis (compression quadrant). However, neither Tables Ib nor 1c exhibits the hypocenter migration in comparison with Table la . The difference between preearthquake (Table la) and postearthquake distributions displayed in Tables 1b and 1c seems to have an equal chance of being positive or negative in the direction of both axes. Plate 4 displays the earthquake number distributions for strike-slip earthquakes in the Ellsworth catalog. However, in contrast to Figure 2 , we use extended source representation for strike-slip earthquakes in Plate 4. The distributions in Plate 4a and Plate 4c are largely symmetric with regard to the fault plane (the middle line in the plots), whereas the distribution of earthquake numbers for a time delay of less than 250 days exhibits a "hotspot" (maximum) in the approximate direction of the T axis. This hotspot can be traced to one earthquake sequence, December 4, 1948, ML = 6.0 Desert Hot Springs (Thousand Palms, California) event [Hileman et al., 1973J . The aftershock sequence of its large subsequent earthquake (May 2, 1949, ML = 5.8) accounts for this concentration of earthquakes. This example illustrates the advantages and the drawbacks of our approach. If we analyze each aftershock sequence separately, such "accidental" distribution peaks can easily be excluded. However, how can one specify the selection criteria of earthquake sequences? It would be difficult to avoid a selection bias. Moreover, since there are only 28 ML ~ 6 strike-slip earthquakes in our sample, the statistical fluctuations are very large. In other examples below, the numbers of earthquakes are significantly higher; as a result such hot spots are less prominent.
Plates 4d and 4e display the difference of the normalized numbers between early aftershocks (time delay < 250 days) and the distribution of earthquakes before a mainshock and a similar difference for later secondaryearthquakes (delay> 250 days). Both pictures are roughly symmetric with regard to the fault plane projection; the early aftershocks show a pattern opposite to that expected from the Coulomb formula. As we explained earlier, this pattern is the result of the influence of one earthquake sequence. abscissa axis corresponds to a sector associated with the P axis. More aftershocks in this part of the diagrams presumably correspond to the nonzero value of {t. There is little difference between these plots; thus we use only the semilune partition (Figure 3b ) in the later diagrams. Figure 6 shows the differences in the normalized numbers between short-term aftershocks and earthquakes before a mainshock. A similar difference for long-term secondary earthquakes is also displayed. Only a few of the obtained diagrams can be. shown here, but all of them display a general symmetry of earthquake distribution with regard to the P and T axes. There is significant random fluctuation of the curves but no consistent increase of the earthquake numbers in the direction of the P axes. Such an increase should be stronger for short-term aftershocks than for earthquakes occurring after a delay of 250 days. Table 2 summarizes the results of the computations. The values displayed in the last three columns are the ratio
where N p and NT are the numbers of secondary earthquakes in the P and T quadrant, respectively. Therefore the positive values of r signify that there are more earthquakes in the P quadrant, as might be expected from the Coulomb fracture criteria (equations 1 and 2) with fL > O. However, most r values in Table 2 are negative. If the aftershocks were to concentrate in the P quadrants, the maximum r values would appear in the column corresponding to close events « 250 days).
The results for the PDE catalog with different magnitude cutoff are similar. Hence the threshold change does not influence significantly the spatial aftershock distribution. Although the number of the maximums is slightly higher for this column (six maximum values) than other columns, this is probably the result of random fluctuations. There is no obvious preference for a maximum in this time frame.
Discussion
We have investigated aftershock and secondary earthquake distributions by stacking the hypocenter locations on a focal sphere of several hundred and even thousands of strong earthquakes. The problem we address is whether the distribution exhibits asymmetry with regard to the focal P and T axes as predicted by Coulomb equations (1) and (2) with a nonzero value of the coefficient of friction fL.
The study is based on four earthquake catalogs processed in different combinations. We modify several parameters, such as hypocentral distance, focal mechanism type, and representation of the source region. The search presents a difficult methodological problem, since we need to decide whether the particulars of an observed distribution are due to search parameters or to random fluctuations of seismicity. Complex features of seismic- Figure 5 . Distribution of earthquake numbers before an earthquake (solid line), up to 250 days after (dash dotted line), and more than 250 days after the event (dashed line). The distance limits are 100 km from the initial event. (a) Earthquake numbers in the CIT jUSGS catalog for strike-slip events in the modified Ellsworth catalog; the numbers are calculated by summation of cells in Figure 3a (see text). (b) Earthquake numbers in the CIT /USGS catalog for strike-slip events in the Ellsworth catalog; the numbers are in go lunes (Figure 3b ). (c) Earthquake numbers in the PDE catalog for strike-slip events in the Harvard catalog; the numbers are in go lunes (Figure 3b) . ., § -10
-40 .. ity, such as a multidimensional character and the presence of extensive aftershock sequences, make the application of standard sta tistical tests difficult and their results ambiguous. However, if the value of the friction coefficient f.L is high (ofthe order 0.2-0.8) , we should see a consistent pattern in all the earthquake distributions studied. Therefore we are looking for consistency in the distributions to prove a nonzero value of the friction coefficient .
The distributions of earthquakes on a focal sphere indicate that it is symmetric with regard to the P and T axes. Such symmetry suggests either that the Coulomb friction coefficient f.L is close to zero or that earthquake faults and aftershocks reorganize themselves in a pattern similar to that which would be obtained if f.L = O.
These results are not inconsistent with the idea that (1) stress changes due to strong earthquakes cause aftershock sequences and (2) aftershocks occur preferentially where shear stress has been increased. Our results show that the effective coefficient of friction is small, indicating that normal stress has little or no consistent influence on aftershock occurrence. This result could simplify studies of how coseismic stress changes future earth'quakes, because shear stress changes has the same effect on the auxiliary and fault planes. If the coefficien' of friction is zero, the Coulomb stress can be calculated for a target earthquake without having to resolve the focal plane ambiguity.
Some publications suggest that the value of f..t is small (less than 0.2) [Reasenberg and Simpson, 1992; Kagan, 1994; Bird, 1996] . Other authors conclude that earthquake stress triggering does not depend on the assumed value of f..t or weakly depends on f..t Deng and Sykes, 1997, p. 9877] . This insensitivity implies that earthquake initiation either does not or only weakly depends on the value of the normal stress. Various hypotheses explaining this phenomenon have been offered [Deng and Sykes, 1997] . The results reported here once again confirm the hypothesis that earthquake occurrence is independent of the normal stress value: a result valid for various tectonic environments and earthquake fault geometries.
Conclusions
Shallow aftershocks do not concentrate in the dilatational quadrant. The difference between preearthquake and postearthquake distributions has an equal chance to be positive or negative in the direction of T and P axes. This result implies that either the friction coefficient /L in the Coulomb law is close to zero, or both tectonic and earthquake static stress are self-organizing into a pattern that mimics /L = O.
